We report the high-density light-emitting diode (LED) array using a lateral p-n junction. Al x Ga 1−x As lateral p-n junctions were formed on a semi-insulating GaAs (311)A patterned substrate using the amphoteric nature of silicon that behaves as p-and n-type dopant. For the first time, 2400 dots-per-inch (dpi) LED arrays were fabricated using the lateral junction. Electroluminescence spectrum shows a single peak at a wavelength of 813 nm with an FWHM of 56 nm at room temperature. The light output power was measured as a function of forward injection current. The high-density LED array has potential application in LED printers and displays. Keywords: Light-emitting diodes, lateral p-n junctions, gallium compounds, high-density LED arrays, patterned-substrates. Classification: Photonics devices, circuits, and systems
Introduction
Lateral junctions are formed in a nonplanar epi-layer that grown on patterned semi-insulating substrates using an amphoteric dopant or facet-dependent dopant [1] [2] [3] [4] [5] [6] [7] . The lateral junction devices are interesting as the p-type and ntype conductions can be obtained simultaneously on the patterned substrate with a single dopant. The formation of the lateral p-n junction by onestep growth simplifies growth of epi-layer structure of optoelectronic devices. These devices are promising for optoelectronic applications due to direct injection of carriers in the active layer and reduced junction area, which ensures a low capacitance and short transit times. Moreover, lateral junction device geometry allows placing the electrical contacts away from the lightemitting area and avoids the light loss due to the electrical contacts. This is an important advantage when the device dimension is reduced for a specific application such as high-density LED arrays that are used in the printers.
Taking advantages of lateral junction properties we fabricated a 2400 dots-per-inch (dpi) LED array. The GaAs and Al x Ga 1−x As epi-layers were grown on patterned semi-insulating GaAs (311)A substrates using amphoteric nature silicon as p-and n-type dopant.
Experiment
The semi-insulating GaAs (311)A substrates were etched in H 3 PO 4 : H 2 O 2 : H 2 O [3 : 1 : 50] solution at 42 • C using a photoresist strip pattern along the {110} direction. After etching, the substrates have mesas with one sidewall near the (100) plane with 6 µm width. The angle between the substrate surface and the sidewall is about 30 • . The schematic cross section of the lateral junction LED structure is shown in Fig. 1 . The patterned substrates were loaded into a molecular beam epitaxy system and the epi-layers were grown at 540 • C. Silicon dopant, due to its amphoteric nature, acts as an acceptor 1.0 undoped undoped on (311)A surface and as a donor on (100) surface in the GaAs and AlGaAs epi-layers. Therefore, we obtained p-type doping on the flat (311)A plane and n-type doping on the (100) sidewall of the patterned GaAs substrate, forming a lateral p-n junction in the nonplanar epi-layer. The epi-layer composition, thickness, carrier concentration are listed in Table I . A dense array of mesas with a period of 10.6 µm was lithographically defined to electrically isolate the devices. Coplanar electrical contacts were evaporated on p-and n-type conduction area of the device using Zn/Au and AuGe/Ni/Au, respectively, and annealed at 420 • C for 2 minutes under nitrogen flow. A window was opened on the cap (GaAs) layer to avoid the light absorption. This layer was etched with H 3 PO 4 : H 2 O 2 : H 2 O [3 : 1 : 50] using the metal contact as a mask. The electrical and optical characteristics of the LEDs were measured at room temperature.
Results and discussion
The fabricated LED array with device density of 2400 dpi is shown in Fig. 2 (a) . This is twice the density compared to the current LED array fabricated by conventional methods [8] . The device pitch and width are 10.6 µm and 6.4 µm, respectively, and the distance between the p-and n-contacts is 14 µm. The contact to n-type region is common for all the LEDs whereas the p-type contacts are fingers to allow testing of an individual LED in the array. One of the difficulties in fabricating the high-density LED array is getting the maximum width for a given device pitch. This means, decreasing the gap between the devices. The gap between the devices can be reduced by photolithographic process and optimum thickness of the epi-layers of the LED structure. Fig. 2 (b) shows the optical microscope picture of the light emission of the LED array shown in Fig. 2 (a) and light-emitting area is marked with rectangle on one LED. These LEDs show intense electroluminescence at room temperature. The light-emitting area, length and width are 6.4 and 2 µm, respectively, for the injection current of 2 mA. The area that contributes to light emission is smaller in lateral junction devices than in the conventional devices and the light-emitting area is not covered by the electrode due to its geometry.
The microscopic observation of the light-emitting area shows that light is emitted away from the (100) sidewall, toward the flat (311)A plane. The distance between the light-emitting area and the (100) sidewall corresponds to the width of (411)A facet [4] , which was formed during epi-layers growth on the patterned substrate. The light-emitting area and evolution of the (411)A facet are schematically shown in Fig. 1 . The rough estimation of the (411)A facet width, based on the present study and references [4, 9] , provides a value twice as the thickness of the epi-layer grown on the patterned substrate. The formation of (411)A facet is dependent on the orientation of the substrate and migration of Ga adatoms. The size of the light-emitting area is not affected by the (411)A facet whereas it shifts the position of light-emitting area.
The measured electroluminescence spectrum shows a single peak at a wavelength of 813 nm with an FWHM of 56 nm at 13 mA injection current ( Fig. 3 (a) ). The electroluminescence intensity increased with increasing injection current and also red shift in wavelength. The red shift was caused by the raise in the device temperature due to high series resistance of the device. The series resistance calculated from the current-voltage curve for the single LED is in the order of kilo Ohms. This rather high value might be related to poor electrical contacts formation. We speculate that the poor electrical contacts, particularly on the (100) sidewall, is due to surface modification caused by the photoresist on the surface. Fig. 3 (b) shows the measured light output power as a function of forward injection current at room temperature. This is the light output power of the single LED. The length of the light-emitting region was 6.4 µm along the LED array direction while the width increased with injection current along the direction perpendicular to the LED array. The light output power of each LED is adequate for the printer applications. For example, 1 µW power is enough from each LED to print at a speed of 45 pages per minute [10] . The lifetime measurements show 5% reduction in the light output power after continuous operation for 250 hours with 2 mA injection current at room temperature.
CONCLUSION
In conclusion, Al x Ga 1−x As lateral p-n junctions were formed on the (311)A patterned substrate using amphoteric nature silicon as dopant p-and n-type dopants. High-density, 2400 dpi, LED arrays were fabricated using lateral p-n junctions. These high-density LEDs show intense electroluminescence at 813 nm at room temperature. These results demonstrate the feasibility of 2400 dpi LED array fabrication using a lateral junction and its performance is adequate for printer and display applications.
